A continuous-time common-mode feedback circuit (CMFB) is presented. A two-stage high-gain architecture is used to minimize the offset of the common-mode voltage. A special compensation scheme enables this circuit to be used in high-impedance current-mode systems without a stability problem. Simulation and testing results show the superior performance of this circuit. It is proven to be an ideal common-mode feedback circuit for systems which require an accurate and stable commonmode voltage. This circuit has been implemented in a continuous-time switched-current EA modulator with a 2pm CMOS process. With a 5OMHz clock, the modulator has achieved a 60dB dynamic range in a lMHz bandwidth.
Introduction
Common-mode feedback circuits (CMFB) stabilize common-mode voltages for fully-differential analog systems by means of adjusting the common-mode output currents. The two differential output voltages are aver- Suffering from clock-induced noise, switchedcapacitor common-mode feedback circuits are suitable only for sampled-data circuits [ 1] [2] . Common-mode feedback circuits implemented by differential-difference amplifiers (DDA) use four identical transistors to average and compare the common-mode voltages [3] - [6] Resistor-averaged common-mode feedback circuits use resistors to average the two differential outputs and send the result to a differential pair to compare with VRCM [7] [8] . This technique reduces the common-mode voltage error caused by the nonlinearity of the differential pair. The voltage swing ranges are not limited by the differential pair, and hence, more voltage swing is allowed without a significant offset of common-mode voltage. The disadvantage of the resistor-averaged CMFB is the requirement of large-valued resistors. Not only do these resistors require more silicon area, but they also load down the output and cause a reduction of the gain. Moreover, they affect output impedances, which are very critical in current-mode systems since they influence the pole and zero locations.
One important performance factor of common-mode feedback circuits is the transconductance gain [5] , if the nonlinear effect of the differential can be ignored, the CMFB circuits can be simplified as shown in Figure 1 . For single-stage resistoraveraged CMFBs [7] , the CMFB circuits can be simplified as shown in Figure 2 . The differential output current is then mirrored to the output as the common-mode output current. One solution to improve the transconductance gain is to use a two-stage architecture [6] [8] . With one extra stage, the gain increases about 100 times, which greatly reduces the common-mode error voltage (VERR). However, the two-stage structure has a stability problem and must be compensated. Two nodes contribute to the stability problem. One is the external output node (two nodes in fact). The other is an internal node which connects the first stage to the second stage.
For voltage-mode CMFBs with low output impedance [8] , the pole caused by the external node is located in a highex frequency range. This makes the compensation easiei-by simply moving the pole generated by the internal node to a low-frequency location. For current-mode systems, the external nodes may have high impedance and induce a pole at very low frequencies, which is difficult to compensate.
In this paper, a two-stage CMFB circuit for highimpedance currmt-mode circuits is presented. The frequency compensation is achieved by introducing an extra pole and zero. The linearity of the DDA is improved to minimize the cornmon-mode error voltage ( VERR),
Circuit Design
The proposed continuous-time CMFB circuit is a twostage DDA CMFB as shown in Figure 3 . The first stage is composed of M I -M7 and current sources M14 -M17. The second stage is composedofM8-M11. Longchannel (small aspect ratio) NMOS transistors are used for the DDA input stage (M1 -M4) to minimize the differential pair nonlinearity and to accommodate more input voltage swing. They also minimize the VERR caused by the transistor mismatch among M1 -M4. The transistor sizes are listed in Table 1 . 
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-@ the proposed CMFB has a large low-frequency gain to minimize VERR and a moderate high-frequency gain to keep the system stable. Figure 4 shows the compensation scheme of the proposed CMFB. M c and Cc (in Figure 3) introduce an ex-tra low-frequency zero to correct the phase shift and an extra high-frequency pole, which has an insignificant effect on the performance. common mode feedback
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In the proposed CMFB, the common-mode error voltage (VERR) is caused mainly by the transistor mismatch, which is in the mV range,
Experiment Result
The proposed CMFB has been implemented in a secondorder continuous-time switched current EA modulator (Fig. 5 ) in a 2pm CMOS process [9] . The accuracy and stability of the common-mode voltages in the EA modulator are important since they affect the gain of the Voltage-to-Current Converter (in Figure 5) The proposed CMFB is designed to accommodate f 1V differential voltage swing. Figure 6 shows the relationship between VERR and the differential input voltage within & 1V. From Figure 6 , VERR is less than 0.4mV within the designated differential input voltage range.
Here, the mismatch among M1 -M4 is ignored. Figure 7 shows an expanded view of VERB over the differential input range within f 2V. Figure 8 shows the open-loop transconductance of the proposed CMFB. The performance summary is shown in Table 2 . Figure 9 shows a microphotograph of the proposed CMFB circuit.
A second-order continuous-time switched-current EA modulator with the proposed CMFB has been implemented in a 2p CMOS process and achieved 60dB dynamic range with a 5OMHz clock.
Conclusion
A continuous-timecommon-mode feedback circuit is presented. The two-stage CMFB structure minimizes the common-mode error voltage without a stability problem. ~ The high output impedance and small common-mode error voltage make it an ideal CMFB, even for a highimpedance current-mode system. The proposed CMFB can be easily implemented in any differential mode circuits without modifying differential amplifiers or other circuits in the system. The measured result of the second- 
